Background: Biomechanical predictors of a second anterior cruciate ligament (ACL) injury after ACL reconstruction (ACLR) and return to sport (RTS) have been identified; however, these measures may not be feasible in a standard clinical environment.
injury. 6 In consideration of these outcomes, some authors suggest a delay of return to activity for up to 2 years after ACLR. 26 Collectively, these data highlight the need to improve care provided to patients with ACL injury to ensure their short-term ability to engage in activity and long-term joint health.
One factor in the ACLR rehabilitation process currently fraught with wide variation is the discharge criteria utilized to determine readiness to safely RTS. In a 2004 systematic review, Kvist 18 noted that of 34 articles published between 1998 and 2003, roughly one-third of authors reported the use of isokinetic testing or measures of clinical impairment, such as range of motion, in their RTS decision-making after ACLR. More recently, in a systematic review of articles published between 2001 and 2011, Barber-Westin and Noyes 3, 4 reported that few objective functional criteria were used to determine a patient's readiness to RTS after ACLR. Collectively, these authors have highlighted the lack of standardized measures used to determine readiness to safely RTS at the conclusion of rehabilitation after ACLR. Further, measures that currently may be used to determine readiness to discharge from physical therapy, such as time from surgery, 25 isokinetic strength, 30 and functional performance on hop testing, 2 have failed to identify readiness to safely participate in sport with a minimal risk of second injury.
Recent evidence has identified biomechanical and neuromuscular factors present at the time of RTS, such as hip internal rotation moment, knee valgus, asymmetric sagittal-plane knee moment during the landing of a drop vertical jump, and altered postural stability, that predict second ACL injuries after ACLR and RTS. 28 These factors may provide a highly sensitive and specific predictive model of second ACL injuries; however, these measures are not feasible to be included in a discharge algorithm that could be universally implemented in all facilities, as they require equipment not readily available to all clinicians. More recently, attempts at injury prediction with clinically feasible tools have included the identification of female athletes at risk of having high knee abduction moments, a risk factor for a primary ACL injury in previously uninjured athletes, 24 and patellofemoral pain. 23 These studies have introduced the feasibility of using clinical measures to screen for risk factors; however, a critical gap exists, as a clinician-friendly algorithm composed of simple screening assessments that could identify patients at high risk for future injuries after ACLR and RTS has yet to be recognized and implemented.
The purpose of this study was to evaluate whether standard clinical measures could predict the risk of second ACL injuries in a young healthy population of athletes after ACLR. The tested hypothesis was that a combination of strength, function, and patient-reported measures at the time of RTS would predict the risk of second ACL injury with high sensitivity and specificity. The identification of such measures represents an important foundational step in the development of new discharge criteria for patients after ACLR who seek to return to participation in sport.
METHODS

Participants
A prospective case-cohort design was used to identify the clinical predictors of a second ACL injury after a primary ACL injury, ACLR, and RTS. One hundred sixty-three athletes (105 female, 58 male) who sustained an ACL injury, underwent ACLR, completed rehabilitation, and were released to prior levels of activity by their surgeon and rehabilitation professional were recruited to participate in this study (Table 1) . Inclusion criteria required the patients to be between the ages of 10 and 27 years (mean age, 16.7 ± 3.0 years) with no history of contralateral ACL injuries as well as no bilateral lower extremity or lower back injuries during the prior 12 months. Participants were recruited from the tristate region and were medically managed by a diverse group of surgeons and physical therapists. Graft type and rehabilitation were not controlled in this study. All participants stated that they planned to return to their preinjury level of a pivoting or cutting sport (level 1 or 2)
7 at a minimum of 50 hours per year. Participants were excluded if they elected not to return to pivoting or cutting sports or were yet to be released to preinjury levels of function. The patients primarily participated in level 1/2 sports such as basketball, soccer, volleyball, and football.
Testing Protocol
The study was approved by an institutional review board, and informed consent was obtained from all participants and guardians (if applicable) before enrollment and testing. All demographic data, including height, weight, and body mass index, and appropriate surgical information were collected from all participants. Patient-reported outcomes were completed by all participants, inclusive of the International Knee Documentation Committee (IKDC) subjective form 16 and the Knee Injury and Osteoarthritis Outcome Score (KOOS). 29 Knee confidence was determined based on the participant's response to question 3 of the KOOS quality of life (QOL) subscale. Specifically, the question asks, "How much are you troubled with lack of confidence in your knee?" Each participant then completed a dynamic clinical assessment, inclusive of standard measures to determine readiness to RTS, 3, 18 consisting of strength, postural stability, functional performance, mobility, and knee laxity measures executed within 4 weeks of their medical clearance to RTS.
Quadriceps strength was assessed isometrically at 60 of knee flexion, and quadriceps and hamstring strength was tested isokinetically at 180 deg/s and 300 deg/s with a dynamometer (Biodex Medical Systems) using previously described methods. 30 Isokinetic hip abduction strength was assessed using a Biodex dynamometer in a standing position as previously described. 5 Postural stability was assessed in a single-leg standing position on a Biodex stabilometer, as described in prior work. 28 Functional performance was assessed using 3 single-leg hop for distance measures (single hop, triple hop, and triple crossover hop) and 1 single-leg timed hop test 30 ( Figure 1 ). The single hop for distance required 1 maximal effort jump, taking off and landing on the same limb. The triple hop required 3 consecutive maximal effort jumps in a straight line. The triple crossover hop required 3 consecutive hops, crossing over a midline each time, with the goal of maximizing this horizontal distance from the takeoff point to the final landing point. For each of these 3 hop tests, the distance from the toe of the takeoff point to the toe of the final landing point was measured. The timed hop required the patient to jump as fast as possible for 6 m, with the time to execute the task recorded. For each of the strength, postural stability, and functional hop measures, raw performance data were recorded for both limbs, and limb symmetry indices (LSIs) were calculated, with 100% representing perfect symmetry between limbs on the measure and less than 100% representing a deficit in the involved limb. In addition, raw values of the distance hopped on the 3 distance-based hop tests were normalized to body height. Anterior-posterior knee laxity was assessed using the CompuKT arthrometer (MEDmetric) with the knee at 20 of flexion. 35 Participants were tracked for 24 months after RTS to identify any second ACL injury that occurred. In the 24 months after RTS, 32 participants sustained a second ACL injury to either the ipsilateral or contralateral knee.
Statistical Analysis
To develop the clinical predictors of a second ACL injury after ACLR and RTS, the data obtained from the first consecutive 120 participants recruited and enrolled in the study were used as the training sample, and the remaining 43 participants were used as the holdout validation sample. Among the first 120 participants, classification and regression tree (CART) analysis was used to identify important predictors and their potential interactions. CART analysis or recursive binary tree modeling took interactive steps for the identification of the strongest predictor of second ACL injury events. Binary splitting was performed repeatedly with the goal of allocating participants into groups such that they would have a similar risk of second ACL injuries. We used 10-fold cross-validation for the development of clinical decision rules in the first 120 participants of the training sample. We refined the model by choosing clinically meaningful cut points, based on current best evidence and clinical expertise, and the order of entering the model, which was determined by the CART model. Subsequently, several alternative models were generated. We chose the final model by maximizing the model fit according to 10-fold crossvalidation and the best model diagnostic characteristics (receiver operating characteristic, sensitivity, specificity, positive predictive value, negative predictive value) in the holdout validation data. This was to avoid overfitting and to ensure model internal and external validity. Based on the final CART model, we classified participants into the highrisk group if the estimated probability of a second ACL injury was greater than 30% and into the low-risk group otherwise. At last, we compared the survival rate between the high-risk and low-risk groups using Kaplan-Meier analysis in all 163 participants.
RESULTS
A predictive model that identified young athletes at high risk for a second ACL injury in the first 24 months after RTS, ACLR, and completion of rehabilitation was developed from the dataset. Among the initial 120 participants enrolled in the study, 114 had complete datasets and were included in CART analysis that was designed to identify the most important clinical variables that predicted a second ACL injury. Twenty percent of the initial subset of the cohort (23/114) suffered a second ACL injury, inclusive of 8 ipsilateral graft failures and 15 contralateral ACL injuries. CART analysis identified younger age (<19 years), higher knee-related confidence from question 3 of the QOL subscale of the KOOS, female sex, and normalization of as well as LSI performance on the triple hop for distance as the most important predictors of a second ACL injury. Further, CART analysis dichotomized triple hop for distance limb symmetry (LSI <98.5%) and trichotomized triple hop for distance normalized to height in the involved limb at <1.34 times body height, between 1.34 and 1.90 times body height, and >1.90 times body height. Using these variables, a model with 7 leaf nodes was generated, from which a high-risk group (n ¼ 53; 43 females, 10 males) and lowrisk group (n ¼ 61; 32 females, 29 males) were identified. No differences in the distribution of patients with different graft types in the high-risk and low-risk groups were observed (P ¼ .78).
Twenty-two (41.5%) participants in the high-risk group and 1 (1.6%) participant in the low-risk group suffered a second ACL injury in the 24 months after RTS. High-risk participants fit into 1 of 2 profiles. One profile included 43 patients and was categorized by younger age (<19 years), triple hop for distance between 1.34 and 1.90 times body height, and triple hop for distance LSI <98.5% (Table 2) . Nineteen (44%) of these patients suffered a second ACL injury. The second profile within the high-risk group included 10 patients, and they were younger (<19 years), had triple hop for distance >1.34 times body height, had triple hop for distance LSI >98.5%, were female, and reported high knee-related confidence on the KOOS QOL subscale (Table 2) . Three (30%) of these patients suffered a second ACL injury.
The remaining 43 participants in the study were used for further validation of the predictive model. No significant differences in age, height, weight, proportion of female: male participants, and time between ACLR and testing were seen between groups (see Table 1 ). A difference in the distribution of graft types was seen between groups, as the validation cohort had a greater percentage of patients with hamstring grafts than the initial cohort. Of the final 43 participants, 34 had complete datasets and were included in the validation. In this subset, 9 of 34 participants (26.5%) suffered a second ACL injury. Eighteen patients were classified into the low-risk group. Three of the patients in the low-risk group (16.7%) suffered a second ACL injury. Thirteen participants were classified as high risk. Six of the participants (46.2%) in the high-risk group suffered a second ACL injury in the 24 months after RTS. The participants included in the validation of the predictive model identified within the high-risk group were 5 times (odds ratio, 5.14 [95% CI, 1.00-26.46]) more likely to suffer a second ACL injury than the lowrisk group, with a sensitivity of 66.7%, specificity of 72.0%, positive predictive value of 46.15%, and negative predictive value of 85.71%. A Kaplan-Meier survival curve that compares second ACL injuries in the high-risk group with those in the low-risk group is provided in Figure 2 .
DISCUSSION
The findings of this study support the tested hypothesis that standard clinical measures can identify patients at high risk for second ACL injury after ACLR and RTS. Specifically, younger patients who present with moderate normalized triple hop for distance performance (1.34-1.90 times body height) and greater limb asymmetry (<98.5%) on the triple hop for distance test at the time of RTS and those patients who are female, have high self-reported confidence, normalized performance on the triple hop for distance >1.34 times body height, and greater limb symmetry (>98.5%) are at greatest risk for a second ACL injury after ACLR and RTS. To our knowledge, this represents the first report using a subset of standardized clinical assessments typically conducted at the conclusion of rehabilitation in preparation for RTS, interpreted in such a way to successfully predict the risk of second ACL injury in a population of young active athletes returning to pivoting and cutting sports. Two prior studies have attempted to examine differences in outcomes in populations of patients after ACLR who have achieved all recommended criteria of a discharge algorithm including strength, hop testing, and patient-reported outcomes. Grindem et al 10 reported that patients who failed to pass all assessments included in their discharge algorithm, including patient-reported outcomes (>90/100) as well as quadriceps strength and hop testing, with symmetry scores of greater than 90% were at greater risk of injuries after RTS. These injuries included, but were not limited to, second ACL injuries. Kyritsis et al 19 studied a cohort of male professional soccer players after ACLR and measured a battery of discharge criteria before RTS, including isokinetic strength testing, dynamic running tests, and functional hop testing. These authors reported that patients who failed to meet all clinical discharge criteria were at 4 times greater risk for graft ruptures. Each of these studies evaluated the efficacy of meeting all measures in current standard discharge algorithms to identify the risk of future injuries.
The unique contribution of these current data is the identified high-risk profiles of patients based on a subset of current discharge criteria that include individual limb performance as well as limb symmetry with functional hop testing. Two profiles of patients were included in the highrisk category. The single common variable in both profiles is age. Both profiles indicate that a younger patient is at higher risk. This is consistent with current evidence that identifies younger age as a risk factor for future injury, which is likely because of increased activity by these younger patients. 32 In addition to younger age, the first profile represents a population with moderate functional performance on the involved limb in the presence of limb asymmetry. Fortyfour percent of participants in the initial training set (n ¼ 120) who fit this profile suffered a second ACL injury within the first 24 months after they returned to sport. Functional hop testing is traditionally used as an assessment tool to determine readiness to RTS after ACLR 2, 3, 18 ; however, limb symmetry is often reported as the primary metric to determine function. Specifically, the athlete's ability to hop an equal distance on the involved and uninvolved limbs is then calculated into the limb symmetry score, with results less than 100% indicating a deficit in the involved limb. The primary hop tests reported in the literature include the single-leg hop for distance, the single-leg triple hop for distance, and the single-leg triple crossover hop. Historically, 85% to 90% LSI or greater was deemed sufficient to RTS, 30 although recent evidence has suggested that these criteria may not be stringent enough to achieve safe RTS. 33 These data indicate that utilization of the triple hop data, with a focus on performance, specifically distance jumped on the involved limb, normalized to body height in addition to more stringent limb symmetry requirements may be a more representative measure of patient function and ability to safely RTS.
The utility of functional hop testing in relation to the quantification of lower limb strength, power, and function has been debated in the literature. Early reports of performance on the single-leg hop for distance demonstrated only moderate correlations to isokinetic strength. 9 More recently, Hamilton et al 11 reported specifically on the triple hop for distance and noted moderate to strong correlations between performance on the triple hop and measures of isokinetic quadriceps and hamstring strength and power measured with the vertical jump test. Despite this, a recent meta-analysis that reviewed physical performance tests noted limited and conflicting evidence in the utility of these tests; however, the authors did report that the relationship between hop testing and future injuries has yet to be reported in the literature. 12 The current data indicate that performance on the triple hop for distance test, inclusive of both distance hopped normalized to height and limb symmetry, may be good indicators of the risk of future ACL injuries after ACLR and RTS in young athletes.
The second high-risk profile developed from these data represents young female athletes who present with moderate to high performance normalized to leg length on the single-leg triple hop for distance (>1.34 times body height), excellent limb symmetry on this test (>98.5%), and high self-reported confidence on the KOOS QOL subscale. Thirty percent of the patients in the initial training set who fit this profile suffered a second ACL injury. Interestingly, the participants who fit this profile represent high performers on the triple hop for distance, with high distances hopped and nearly perfect symmetry between limbs, in addition to having high confidence in their knee. Confidence was determined by a self-report to the question in the QOL subscale of the KOOS, which asked, "How much are you troubled with lack of confidence in your knee?" Those who answered "not at all" were classified as confident in their knee. One might theorize that an athlete who possesses high physical capacity, as evident by triple hop performance, in addition to having a high level of confidence may represent an athlete willing to RTS sooner, potentially before complete graft maturation, and at a higher intensity of play. Higher intensity play and/or insufficient tissue healing inherently may result in an increased likelihood of ACL injuries. Finally, the patients who fit this profile are all female, who are known to have a higher risk of ACL injuries when compared with male patients in comparable sports. 21 Theoretically, this group may simply represent previously identified high-risk female athletes who have regained sufficient strength, function, and confidence after ACLR to return to high-risk activity. In this case, a focus to improve outcomes in this subset may be to address the modifiable preinjury factors that inherently place female athletes at high risk for ACL injuries, such as altered neuromuscular and biomechanical factors. [13] [14] [15] These data represent an important initial step to redefining discharge criteria after ACLR. Currently, there is wide variation and little consistency in standard discharge criteria used to determine readiness to safely RTS after ACLR. 3, 4, 18 Typically, an assessment of isokinetic strength, 22 functional hop testing, 8 anterior-posterior knee laxity, 17 and patient-reported outcome scales 16 may be included in the decision-making process to release a patient to return to pivoting and cutting sports after ACLR. Unfortunately, few of these measures have been shown to relate with success after ACLR 17 or predict second ACL injuries after ACLR. Biomechanical assessments have identified abnormal movement and altered postural stability as predictors of a second ACL injury after ACLR and RTS 28 ; however, these measures require equipment not typically available in the clinical setting. The development of these patient profiles that can predict second ACL injuries after ACLR, based on measures able to be assessed in all clinical settings, may represent an important first step in the advancement of more valid and clinically applicable assessments to be utilized in RTS decision-making after ACLR. In addition, the application of this information can spread to second injury prevention planning. Although sex and age would be considered "nonmodifiable" risk factors, an increased focus on targeting the remaining "modifiable" risk factors, inclusive of triple hop performance and impairments, which may limit performance on this measure, may help reduce the risk of second ACL injuries.
This study is not without limitations. The sample included in this study represents a young active cohort of athletes who were injured playing a pivoting or cutting sport and who hoped to return to their prior level of function after ACLR. As a result, this discharge criteria model may be applicable to this population but may have less utility in patients not returning to pivoting or cutting sports or older athletes. This model should be validated in these populations before generalizing its implementation to these groups. Second, this model looks specifically at variables typically measured in the clinical setting. While this resulted in a feasible model in the current clinical setting, it was not inclusive of variables that may be predictive of outcomes only feasible to measure in select settings, such as biomechanics laboratories. For example, the high-risk group that was young and female and presented with higher performance on the hop tests and minimal asymmetry may present with other biomechanical movement asymmetries previously described as a high-risk variable in this population. 28 A stronger model may be able to be developed with the use of a more comprehensive set of variables; however, it would likely be less clinically generalizable in today's clinical environment. Third, the second injury cohort included both ipsilateral and contralateral second ACL injuries. If unique predictive variables exist for each group, this study would be unable to identify these because of a lack of statistical power with the number of second injuries to date. Future studies need to replicate this methodology using ipsilateral and contralateral second ACL injuries as unique dependent variables to determine whether unique high-risk groups exist for each outcome. Finally, although the validation set demonstrated that patients in the high-risk profile groups were 5 times more likely to suffer a second ACL injury, this was based on a relatively small validation sample. Future studies should confirm these findings in a larger validation set.
CONCLUSION
The current criteria used to release patients to return to pivoting and cutting sports after ACLR are widely varied and fail to identify patients at high risk for future injuries. Prior attempts to identify variables predictive of future injury have resulted in highly sensitive and specific models but required technology typically unavailable in a clinical setting and therefore are not clinically feasible. The current findings demonstrate that clinically feasible measures assessed at the time of discharge after ACLR may be used to develop a model of athletes at high risk for future ACL injuries. Specifically, performance on the triple hop for distance test in both distance hopped and limb symmetry, sex, and self-reported knee confidence in young athletes can be used to determine who is at high risk for future ACL injuries after ACLR. With this knowledge, future research can focus on the development of new discharge criteria and improving interventions designed to target these readily modifiable variables.
